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and the power law model and
ABSTRAC
ions of silica in water were investigated 
and a Zeta-|-Keter. The viscometric data 
d^nce, solid^ concentration dependence and 
electrophoretic mobility was analyzed for
was appliec to the Bingham plastic model 
the power lav. model was found to describe
i z
pH and electrophoretic mobi 
Effect of particle s 
but no correlations were att 
A model was proposed 
phoretic mobi1i ty.
A suspension of lignit
the experimental data more qlosely than the Bingham plastic model. The 
parameters for these two models were corrjelated to solids concentration,
i ty.
ze on apparer 
tempted.
for the relat
nt viscosity was also studied
tionship between pH and electro-
e in water was found to fit the Bingham
plastic mode 1.
CHAPTER I
hyd -aInterest in the 
increased in scope and volume 
industries where this mode <J) 
industry and a big project 
western part of the United 
660 tons/hr. of slurried coj 
Kayenta, Arizona, to a forti 
Edison power plant on the Cc 
Previously this type of op^r 
Consolidation Coal Company, 
rates through unitized rail 
been made, with varying 
and Russia (2). Other materji 
stone and fertilizers, provi 
of their slurries by pipeli 
portation has come about by 
reactors (3).
Rheology of concent 
interest from the point of 
handling industries. Genera 
behavior as compared to the 










ulic transport of solids by pipelines has 
in the pas: few years. One of the major 
:ion has been used is the coal 
taking shape, at present, in the soutn- 
es (1). A 273-rni 1 e pipeline will convey 
from a Peahody Coal Company mine at
lillion Southern California 
in southern Nevada, 
ed successfully in Ohio by the 
d due to reduction in freigh; 
tfansportation (2). Similar efforts have 
s of econoiic success in France, England 
ials, such as phosphates, metal ores, lime- 
d^ an economic avenue for the transportation 
Another application of slurry trans- 
thie development of slurry-fueled nuclear
ratjed suspens 
of design 
1ly, the usp 
lewtonian beh 
ar of suspensions
ons is an area of major 
of equipment for slurry- 
ensions exhibit non-Newtonian 
avior of the suspending media 
becomes complicated
because of the hydrodynamic 
in representing the random 
model. Concentrated suspens 
non-settling suspensions. The degree of 
depends on the Van der Waals 
repulsion due to surface cha 
can be used for the transpor 
turbulent transport must be 
Classical work on th 
by Einstein, as discussed by 
present work is concerned wi 
application of which is more
effect between particles and the difficulty 
rrangements of these particles by a simple 
ions can be classified into settling and 
settling for a given system 
forces of attraction and the forces of 
rges on the particles (5)- Laminar flow
ta
resorted to for settling suspensions (6)
F
:h
tion of nor -settling suspensions, whereas
rheology o" 
risch and I 
concentral 
i fnportant.
research was to study the e f rept of a cha
particles 01 the viscosity o 
studied were solids concentr^ 
researchers have proposed tha 
describe a concentrated suspen
: concentrate: 
tion, partic
power law model. Both of these theories were investigated and a semi
empirical relationship was sc
dilute suspensions was done 
imha (7). However, the 
2d suspensions, the industrial 
The primary objective of this 
nge in the surface_charge of the 
d suspensions. Other variables 
e size and shear rate. Various
the Bingham plastic model would best
ion; other
ught for the
workers have suggested the
correlation of the variables.
CHAPTER ! I
Einstein made the fi 
of suspensions and arrived 
suspensions of spherical pa
rsjt theoretic 
at the followi 
rt i cles , as d i
y = y ( 1 + s o
where y^ is the absolute vis
u is the absolute vis - o
and $ is the volume fract 
The above equation (2.1) is 
1. Solic particles are ricj
WOPPREVIOUS RK AND LITERATURE SURVEY
2.5$ )
al approach to the viscosities 
ng relationship for dilute 
scussed by Frisch and Simha (7)
( 2 . 1)
:osity of the 
:osity of the 
on occupied
suspension, poises, 
suspending medium, poises 
3y the solids.
leased on the Following assumptions: 
id spheres.
2. Suspension is dilute erioqgh to render the inter-particle 
interaction negligible.
3. Solid particles are larg$ compared i;q  the molecules of the
suspending medium, so that the suspending medium can be 
treated as a continuous
A. Particle size is uniform 
Density of the solid pc 
suspending medium.
No slip exists between 
suspending medium.
Flow is sufficiently s
8 . Solid particle diameter 
length of the viscosity
fluid.
rticles equals the density of the
the solid particles and the
ow.
is small compared to the characteristic 
measurement lapparatus so that wall
effects are negligible 
Experimental data of 
predicted by equation (2 .1)
various workers were higher than values
for aqueous ;uspensions. An explanation
was offered by Einstein statirig that a h>dration shell is present 
around the solid particles, thjus changing! the effective value of <J>» 
as discussed by Schaller (8)
The main difficulty /̂i th equation 
for very small values of cf>.
(2 .1) is that it is valid on’y 
ft a s derived for an infinitelyIn fact, it
dilute suspension and hence |i t|s applicability to concentrated suspen 
sions is extremely questionablje.
Many workers Jiave at :ejnpted to pr 
the experimental data for viscosities of
Eilers has proposed the following empirical equation, as reported by 
Chong (9):
avide an equation which fits 
:oncentrated suspensions.
where 6 is the volume fractioo
infinite value. For the maxi 
<ft is 0.74. Eilers experimen
results agreed with the values .predicted ty equation (2.2). Ting and
Luebbers (10) worked out a similar treatme
with Eilers' results up to a sol ids concen
that no mutual forces exist a
movement is not present. VanJ1 s equation
( 2 . 2 )
ids when y /y approaches an s ooh of the so'
mtjim packing (tensity of spherical particles, 
ted with bitumen suspensions and the
Vand (11) derived a tneloretical equation based on the assumptions
nong the soli
nt and their results agree 
tration of 35% by volume.
1 n s _ k-| <f> + 1 - Q*
where kj is the Einstein shape factor, d
r? (k?-k]) <*>2
d particles and that Brownian 
ias the following form:
----- (2.3)
1 m<;ns i on less ,
is the shape factor )f col 1 i s i or
r2 i s the collision t me constant,
and Q. is the hydrodynamic nteract i on
When equation (2.2) i 5 expanded i
result is:
doublets, dimensionless, 
d imens i on 1 ess, 
constant, dimensionless.
nto a power




Vand tested the validity of 
theory was valid for his exp 
of <f>, which was the extent of 
Rob'nson put forth ti 
through which the particles 
"free volume" is generally 
as discussed by Eirich (12). 
liquid gets trapped between 
concentration is sufficientl 
Mooney (13) extended 
effective volume of solids 
equat i on:
5 r /
—  = exp [ -j 
o
where a^ is a crowding factor
Wi 1 1 i ams investigate^ 
viscosity of suspensions of 
(lA). The particle size was 
concentration was high. The 
values predicted by Vand's 
the difference to the complex




and concluded that the 
riimental results up to the second power 
his theoretical development.
idea of a f'ifree volume" of liquid 
n pass each 'other and proposed that this 
S than the actual volume of the liquid, 
This is due to the fact that some of the
ip solid parLicles when the solids
high.
Robinson's aialysis and considered the 
He proposed :he following functional
H r )a <f> (2.5)
the
t
, dimens i on 1 ess.
he effect of particle size on the 
r|e glass spheres, as reported by Shaheen 
dal range and the solids 
results differed from the 
dretical eqi.dtion. Williams attributed 
ature of cc1loi ds.
i n the colloi 
expe r i mental
"
this was explained by stating 
undergoes a change on conti nu)o
Eveson, Ward and V.'hitndre studied
spheres in an aqueous lead nitrate solution and a glycerol solution,
using a modified Couette-type 
Shear dependence was observed
concentrations greater than 10% by volume.
Ting and Luebbers (IQ) used a Bro<bkfield Synchro-Lectric 
viscometer to study suspensions of glass spheres in a liquid medium 
of nearly equal density. Thixotropic sheaf thinning was observed and





as discussed by Shaheen (lA). 
vi scos i ty at solids
Eveson studied^ a suspc 
with matching density and pres 
showing effects of particle s 
as discussed by Shaheen (1 A) .
Horeand (15) investi 
mineral oil using a Brookfield 
viscosity depended on spindle s 
ting non-Newtonian behavior fo 
Chong (3) studied suspq 
liquid using an orifice jet vis 
effect of solids concentration
nsion of Plexiglas spheres in a liquid 
edited data for relatively dilute slurries 
ze and discontinuous size distribution,
gated suspensions of coal particles in 
viscometer and found that the apparent 
peed and type of spindle used, indica- 
these suspensions.
3ss spheres in a viscous
o
presented data for the 
with values predicted by
nsions of gl 
cometer and 
which agreed
E ilers1 equat ion.
Ford (16) discussed mosjt of the important theoretical and
empirical relationships for the
= 1 + a<p + b |>2 +
v i scos i t i es
common approach has been to develop Einsteir’s equation into a series 
as follows:
of suspensions. A very
(2.6)
7
where a and b are dimension e 
Most of the equations sugge^ 
the form of equation (2.6) .
Thomas (*0 surveyed 
data pertaining to concentre 
the typical equations of the 
at <pz , giving rise to large 
following equation:
= 1 + 2.5<p
The literature data scatter 
4>= 0.50 from values predicted 
the following equation for c|on
= 1 + (&
*o 5f




ical and empirical, are of
large crossfsection of the literature 
ted suspensions and concluded that most of 
:orm of equation (2.6) terminate the series 
rors. Thomas suggested thepercentage e
10.05(J>2 + C
about ± 20% i  
by equatior 
centrated £
. 062exp [ ]
1-1.5354) (2 .7)
t 4>= 0 .20 to about *75% at 
(2.7). Thomas further proposed 
uspens i ons:
t 4>2/ (1 - «/♦„) 3 ]
f 3C
I i s
tor and is 
concen t rat
( 2 . 8 )
expected to vary between 1 ar.d 2
1 ons.
the foregoing equations is that they do not
for the entire range of sol 
A major limitation q 
take into account variables pt 
these variables are particle 
the solid particles. Some w<br 
effect of electrical charge on 
suspension through the use o
Schaller (8) investigated the literature in this area and
ler than th 
ize, shear 
<; has been 
the partic
solids concentration. Among 
rate and the electrical charge on 
Tone in trying to relate the 
e and the viscosity of the
:he zeta potential defined on page 15.
presented a comprehensive rev
experimentally investigated the e 1ectrovi s.cous effects in monodisperse
polystyrene latexes and founc
i ew on the e ectroviscous effects. He
that electrophoretic mobility decreased
8
with increase in ionic strength. Electr
smaller particles and non-fi 
strength. Newtonian flow w^s 
Huber and Perizkofer 
viscosity of suspensions ari<jl 
theoretical approach using 
aqueous clay dispersions and
iwtonian behavior was exhibited at low ionic
oviscous effects were marked for
observed fpr high ionic strengths,
(17) studied the effect of pH on the 
compared th^-se data with the results of a 
;he zeta potential. The study was related to 
showed that the viscosity decreased with
increase in pH. It was also suggested that a decrease in particle size
results in an increase in v 
charge on the particle causds 
an increase in zeta potentit
■—  = 1 + b (j) 
yo 1
where the constants b^ and b
e an increase in the electrical 
in viscosity. In other words, 
se the viscosity since inter-
scos i ty, wh i 
a decrease 
will decree
particle repulsion will incrledse.
Ottswill (18) investigated the eldctroviscous effects in 
concentrated sols of silver iodide and cc 
can be represented adequately by the foil 
rate:
ncluded that experimental data 
owing equation at constant shear
b <J>̂ 
2 (2.9)
are dependent on the ionic strength. It
was also pointed out that at 
sol would approach a purely
For dilute suspensions 
general equation for the visco 
viscosity is evident:
i gh i on i c s 
Ijiydrodynami c 
, Ottewi11 
i ty of a s
= 1 + 2 .5 4> (
where f' is the electroviscoLs
trengths the behavior of the 
Dne.
(18) suggested the following 
jspension in which electro-
1 + f1 )
con t r i but i cbth.
(2 . 10)
Several researchers have giveiji treatments
to theoretical expressions for 
thickness of the double layer
Conway and Dobry-Duc1 auk (19) pres;
on the viscosity of suspensions
concluded that electroviscosi 
factors, each of which can be
1. The equilibrium spherical symmetry of






distorted under the influence of a vp
2. Overlapping of double luybrs occurs 
solids concentrations.
3. The shape of the solid ^a 
undergoes ionization on
They further proposed that thfe viscosity 
written in the form of the following equa.
af electroviscosity leading 
the zeta potential and the 
olid particles. 
nted an extensive treatment 
aally charged particles and 
to the following three 
electroviscous effect: 
the double layer is 
locity gradient, 
between particles at high
—  = 1 + [ K 
^o 1
where Kj, 1̂  and are the ffe
viscous effects and each is a 
written for the viscosity of
V_
■—  = 1 + c /<}>
where Cj, c^ and c^ are dimenp
Separation of the three elect 
been attempted to a varying d 
Sennett and Olivier 












c <t> + c 4> * 
2 3
on less cons 
roviscous eff 
agree of succ 
(20) have expla 
oidal dispers
rgoes a change when i t 
water.
such suspensions can be 
i on:
( 2 . 11)
ponding to the three electro- 
(f>. A power series w a s ’ 
ons in the following form:
( 2 . 12)
tants.
ects is difficult, but has 
ess by various workers.
ined the concept of zeta 
ions in a comprehensive
manner. They include an ex3l 
acquire the electrical charge 
is affected by the presence 
A more extensive ex 
electrophoretic mobility is
10
anation of how hydrophobic colloids
on the surface and how the zeta potential
types of ions in the dispersion, 
the concept of zeta potential and 
beek (21), where the nature
)f different 
1 ana t i on of 
given by Ove
of the double layer and the e 1ectrokinetic effects are discussed in 
detail. The fact remains tijiat the zeta potential calculation can be done 
in a meanirgful manner onlyjfbr very low 
can seldom be used for corrections.
values of zeta potential and
CHAPTER
THEORETICAL APPROACH
The problem of the nheological behavior of concentrated sus­
pensions, in this case s i i ic|a
analysis. Since non-Newtonian flow properties are exhibited and
electrovi scos i ty is evident,) it is necess 
equations lor non-Newtonian flow and to ej. 
on the solid particles. A method for the
i I
TO THE PROBLEM
water suspensions, requires theoretical
ary to present theoretical 
xplain the electrical charge 
correlation of this
electrical charge an'd the rheological properties is also required.
1. SHEAR tEPENDENCE OF CONCENTRATED SUSPENSIONS
Bird et. a 1. (22) have 
pensions exhibit non-Newtonian 
equations of state have beenjs
x = -yoY
where t is the shear stress in
pointed ojt that concentrated sus- 
flow behavior. Various rheological 
ggested for different systems depending 
i}d.on the nature of shear dependence exhibit
A Newtonian fluid is, defined by tljie following equation for it 
shear stress-shear rate behavior:
dynes cm-2
(3.1)
Y is the shear rate in|sec ,
and is the viscosity of tjhe fluid in poises (gm cm ' sec ').
Hence, for a Newtonian fluid the viscosity is independent of the shear 
rate.
One of the non-Newtonian rheological equations of state is as
fol 1 ows :
12
where y is the plastic viscosity of the
and t _ is the yield stress for the fluid in dynes cm
Equation (3-2) is valid for 
water (22) and is known as 
Babbitt (23) state that thi 
suspens ions.
fluid in poises, 
-2
sjuspensions ojf nuclear fuels in heavy
:n^ Bingham plastic model. Caldwell and
!
model is valid for sludges and clay
Another equation de< 
nT = -my
where 'm' is a material charladteristic p
and 'n' is a dimensionless
cribing non-llewtonian flow is:
(3.3)
material chi




water suspeisions and napalm 
found this model to be valid 
divinyl benzene beads in watd
2 . USE OF THE BROOKFIELD VI$c()METER 
When the Brookfield 
the fluid is in tangential ar
and a stationary outer cylincef. The sea
rameter with units gm cm ^sec n
racteristic parameter, 
model and is valid for clay- 
pensions (22). Shaheen (H) 
ated suspensions of styrene-
viscometer is
viscosity and the calibration
given speed of cylinder rotateej. If y is
reading at an angular velocity
given by the following equati






where r̂  is the radius of the 
r^ is the radius of the
used with the UL Adapter,
nular flow beitween an inner rotating cylinder
is based on
e reads the apparent Newtonian
«s
the torque resulting from a 
the apparent viscosity scale 
sec ^), then the torque T is 
Brodkey (2̂ l) :
-2)
i i . k )
i nner cy1inder in cm, 
outer cylinder in cm,
13
h Is the height of the inner cylinder in cm,
and T is the torque on the
The adaptation of concentric cyl 
flow has been made by Ch r i s tj i ansen et. a 
Bowles et. a 1. (27).
Appendix A and Appenjdi 
angular velocity relationshilp 
fluid, respectively. For a [Bi
T
inner cylinder in gm cm.
nder viscometer data to pipe 
. (25) , Black (26) and
x B show tt
0) = 4nhp (r
2 -2x .
" r 2 } “
For a power lav; fluid
,T___ xlA
111 2nhm
e derivation of the torque- 
for a Bingham plastic and a power law 
ngham plastic
(3.5)l l n - 1
%  r 2




3. ELECTROPHORETIC MOB ILITY A
The concept of zeta potential is 
an electronegative particle,las is the si
- r. •2/n, (3-6)
:NTIAL
1 lustrated in Figure 1 for 
ica used in the present research,
The particle is electronegat vfe since it has an excess of negative 
charges at its surface. Mostj Colloids and suspensoids are electro­
negative and this phenomenon has been the subject of much investigation. 
Using the model of Figure 1, it c;i) be said that the negative
surface attracts a surrounding 
originate from the colloid insdlf or from 
oppositely charged ions are d|ra 
attraction. The system comprjis 
neutralizing counter ions is |te
Some of the counter iens are very 
surface forming the “Stern la^e
layer of positive, ions, which may
tthe suspending medium. The 
wn to the darticle by electrostatic 
ing the surface of the particle and the 
rmed the “dcluble layer".
strongly attached to the 







Rigid Layer Attached to Pa 
(Stern Layer)
Extent of Diffuse Lay« 
of Counterions
Concentration of Posi 
Ions
Concentration of Negative
FIGURE 1 CO 
[From Ze




are further away and form the diffuse pa
15
is no clear distinction between the Stern layer and the diffuse layer.
The zeta potential is the potent
surface and the diffuse part bf the double layer and hence it is related
to the net electrical charge on the part
When a liquid conta
electric field, the electronegative part
positive electrode and the
nt of the double layer. There
ia 1 difference between the
ning such ch
cle.
arged particles is placed in an 
cles are attracted to the
counter ions :o the negative electrode. The
force on the particle increases with the
the particleparticle. Friction between 
containing the diffuse part 
of the particle towards the
c
the particle in a given eledtrfic field i 
net electrical charge on the 
part of the double layer. T 
unit field strength is called 
Zeta potential can b 
mobility of the particles on
net electrical charge on the 
and the surrounding liquid
of the double layer slows down the motion 
electrode. Hence, the terminal velocity cf 
creases with increase in the 
particle an; with the extent of the diffuse 
lej terminal velocity of the particle under 
its electrophoretic mobility.
from the electrophoretics calculated
ly for low values of zeta potential. This 
is so because all the availa^lb re 1 ationsiips betv/een zeta potential and 
electrophoretic mobility involve the dielectric constant and the 
viscosity of the suspending medium in the
cle, and the estimation of these quantities for high surface potential 
is extremely difficult.
dpuble layerThe formation of the
double layer around the parti-
the solid particle be charged. Sennett and Olivier (20) have offered
three possible mechanisms for
requires that the surface of
the acquisition of this charge:
16
T9
The crystal lattice of 
negative charge arisi 
stitutions; the net cha 
equivalent ionic charge 
the compensating ions 
double layer.
When sparingly solubld Solids with 
in water, an equi1ibr 
surface of the crystal
the solid may contain a net positive or 
from interior defects or lattice sub- 
2fore compensated by an 
at the surface. In contact with water, 
dissociate to form the counter ions of the
ionic lattices are dispersed 
ween the ions making up the 
constituent ions in solution.
4'0 (Agt) = A 
or Vq (AgI) = A
urn exists betv 
and the san.
Their concentrations in solution arte determined by the solubility 
product for the material. The potential of the solid will thus be 
fully determined by a thermodynamic (adsorption) equilibrium, i r: 
acco'd with a Nernst equation. Using a colloidal Agl'as an example,
where A and B are cons 
surface with respect tq
^9
the potential of the solid
and C is the concentration (activity) of the particular ion in
solution. Thus, if exc 
Tq will become more pos
given solid are usually 
For most metallic oxidejs 
potential determining.
3. A third mechanism by wh 
affected is by the adso
(3.7)
(3.8)
(RT/F) In C 
(RT/F) In C
:ants, V is
the bulk liquid, F is the Faraday charge,
e$s silver ions are added to the solution, 
itive. The potential determining ions for a
apparent from its chemical composition, 
and hydroxides, H+ or OH ions are
ich the surface charge may originate or be 
rption of specific ions from the solution.
Specific ions may be stfrongly ads
17
sorbed or chemisorbed by forma-
tion of a surface coir|pi|ex or compcund. This mechanism is seldom
otal charge cn the surface.responsible for the t
A. PRESENT WORK
The present work is 
properties of suspensions o
n investigation of the rheological
Silica in w ater and of lignite in water.
Apparent viscosities were measured with the Brookfield viscometer 
at various rotational speedy and value of pH and the electrophoretic 
mobility of the particles was measured b'' the use of a Zeta-Meter. The 
experimental data was applied to the Bingham plastic model and to the power 
law model. The variation of] electrophon
of the two models with pH anld solids coni 
variation o' apparent viscos|ity with ave 
studied.
fic mobility and the parameters 
entration was investigated. The 
age particle size was also
CHAPTER IV
MATERIALS, APPARATUS AND EX 3ERI MENTAL PROCEDURES
This chapter presen :s 
apparatus used and material: 
ity is the term used to sigr 
measured by a Brookfield vi 
true visco: i ty of the susperjs 
used for the terminal veloci 
electrophoresis cell under
details of experimental procedures, 
used. In the present work, apparent viscos- 
ify the viscosity of the suspension as
certain shear rate and is not the 
ion. Electrophoretic mobility is the te "m 




The suspensions in th 
mixing spherical silica part
had an avetage specific gravity of 2.65 and was obtained from lllinoi:
Minerals Company, Cairo, 111 
were used and their particle 
typical chemical analysis of 
and some typical physical ch^ 
Appendix C.
The demineralized wa 
a Barnstead Demineralizer cori 
of the demineralized water w 
adsorption of carbon dioxide
nois. Three
s series ot experiments were prepared by 
les with dehineralized water. The si1i;a
different grades of silica








; given in Table 3 in Appendix C, 
are given in Table 4 in
•ed by passing tap water through 
xed resin bed cartridge. The pH 




PARTICLE SIZE DISTRIBUTION FOR SILICA
1)0 Micron Diameter, 
20 Micron Diameter, 
15 Micron Diameter, 
10 Micron Diameter, 
7.5 Micron Diameter, 
5.0 Micron Diameter,






Be 1 ow 
Below
c.3 .0 %




















as given in manufacturer's brochure
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Some experimentation was also performed on lignite in water
suspensions. The lignite, obtained from the Velva mine, McHenry County,
North Dakota, was pulverizer and the "32> mesh screen size fraction used 
in the test. The proximate|a^d ultimate analyses of the lignite are 
given in Table 5 in Appendi>[ t and the analysis of the lignite ash in 
Table 6 in Appendix C. Theispecific gravity of the sample used was 1.2 
and the moisture content when used was i 1 .3%.
d using a Brookfield Synchro-- 
The instrument specifications 
UL Adapter consists of two
2. APPARATUS
Apfarent viscosities Were measun 
Lectric viscometer with the UL Adapter, 
are given in Table 7.in Appendix D. The 
concentric cylinders with a small clearance and is used for measuring low 
viscosities. The inner cylinder is rotacsd, while the outer cylinder is 
held stationary. The radius]of the inner 
radius of the outer cylinder ijs 1.4 cm., 
is 3 . 6 cm. The fluid volume|required to 
between the two cylinders i s 22 ml.
The apparent viscosity measuremen
bath controlled at a temperature of 20i0.$°C by an E.H. Sargent and 
Company, Type NS 1 — 12, thermostat
The pH of the suspensions was meas 
pH Meter, Model 3&-
A Clay Adams Company IS^fety Head Centrifuge was used for separa­
tion of the liquid from the solids in a suspension for the measurement of 
electrophoretic mobility. Glasis centrifuge tubes were used for this.
The electrophoretic nobility of the solid particles in suspension
cylinder is 1.25 cm and the 
The height of the inner cylinder 
:ill the clearance volume
:s were carried out in a water
ured with a Beckman Zeromatic
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was measured by a Zeta-Meter 
specifications for which are 
Meter consists of (28):
1. A continuously variably (0 to 500
manufactured by the Zeta-Meter Company, the 
given in Table 8 in Appendix D. The Zeta-
volts) DC power supply
with reversible polarity switch and a precision voltmeter
and micro-ammeter. T is unit has a variable voltage outlet
for the microscope illuminator
2. An electric timer meas 
a fast acting contact
uring to ten
swi tch.
3. A clear plastic electrophoresis ce
to produce a
and two types of irid
A. A heat adsorbing cell 
through the cell tube 
from the optics of the
5. A special illuminator 
blue-white light of controlled inte 
col 1oi ds.
6 . A stereoscopic microscope with a sf 
and ocular micrometer 
discrete particles in
The electrophoresis iejll used was 
the Zeta-Meter Company.
um-hardened platinum electrodes.
ths of a second, with
1 with plastic sol-chambers
holder for reflecting a beam of light 
at an angle tp remove the direct light 
microscope.
thin beam of intense 
nsity for illuminating
scial mechanical stage 
:or measuring the rate of travel of 
he electrophoresis cell
Cell No. ^65 X5, supplied by
3. PROCEDURE
The silica i n water 
weight of silica in a 400 ml 
demineralized v/ater to obtain
^uspens i ons we 
beaker and a 
tihe des i red
c d
re prepared by placing a known 
ing the required volume of 
solids concentration. The
mixture was first stirred thoroughly wit 
magnetic stirrer for 30 minutes. The pH 
to the desired level by adding IN HC1 o:- 
of the suspension was taken 
another for electrophoretic 
pension was kept stirred with
22
were made in its pH level as 'equired.
transferred c iThe suspension was 
was then fitted to the visccbmbter head, 
the water bath, and the viscometer rotat 
readings were taken during 
were taken every 30 seconds
:ĥ  first twc 
Ten readin
tional speed was changed. After this cha
ings were taken for 60 seco iids. Reading
second intervals. After five
changed again. In this manner, measureir
made at four different rota 
a period of 20 minutes from 
appreciable amounts of si1ifca 
ter. To show that thixotropy 
measurements were made in a 
The sample of the s 
measurements was transferred 
at 3^00 revolutions per min 
was transferred to a 50 ml de 
added. The electrophoretic 
diluted suspension to ease
f<br apparent 
mob i1i ty mea 
a magnetic
i a glass rod and then with a 
of the suspension was adjusted 
IN NaOH dropwise. Next a sample 
viscosity measurements and 
surements. The remaining sus - 





was not prja 
rbndom manne 
jspens ion tak 
to glass ce 
Jte for 30 mi 
aker and on 
mob i 1 i ty mea|s 
e trackingth
rectly to the UL Adapter which 
The UL Adapter was lowered into 
■ ip at the desired speed. No 
Minutes after which readings 
js were taken and then the ro;a- 
hge in rotational speed no read- 
5 were then taken again at 30 
t this level the speed was 
nts of apparent viscosity were 
. All readings were taken within 
, since after this time interval 
d to settle out in the^UL Adap- 
sent to an appreciable degree, 
r of speed changes, 
n for electrophoretic mobility 
itrifuge tubes and centrifuged 
lutes. The supernatant liquid 
drop of the original suspension 
urements were made on this 





cell. This procedure is repo 
suspens i ons.
The electrophoresis 
suspension so as to avoid t 
placed on the cell holder, 
a thin beam of intense blue 
"positioning line" of the cfe 
coincide with the reference 
supply was then connected t 
The DC polarity switch was 
negatively charged silica 
situated on or near the app 
objective employed) were th 
micrometer divisions by hold 
timer cable. Twenty particl 
travel and then the DC polar 
particles were tracked in 
times in each direction and 
particle over one ocular mi 
details of the procedure cap
Table 9 in Appendix 
apparent viscosity and of 
suspens ion.
An aqueous slurry of 
except that the required am|ou 
the demineralized water in 
noted that the settling veloc
rown into t 
rticles towa: 
ropriate coun
sn timed in their traverse of one or two ocular
mmended by
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Riddick (29) for concentrated
cell was filled carefully with the diluted
ppi ng air t 
The illumine 
i i te light 
1 1 was broug 
ine of the
ubbles in the system and then 
tor was then adjusted to direct 
in the proper manner. Next the 
ht into clear focus and made to 
ocular micrometer. The DC power
the electrodes and a suitable voltage applied
ng down the
es were tracked in their normal direction of
th
ty swi tch w 
e oppos i te d 
then the ave 
cpometer divi 
be found in
E shows an example of measurements made of
electrophoret i
lignite was 
nt of 1i gn i 
îOO ml beak 
i ty of pu1ve
ie correct position to move the 
rds the anode. Discrete particles 
ting line (depending upon the
snap-switch attached to the
as reversed and twenty more 
irecti on. This was done five 
rage time of travel for a 
sjion was computed. More precise
91
the Zeta-Meter manual.
c mobility of a silica in water
prepared in a similar manner, 
te was added in small portions to 
er to aid wetting. Also, it was 
rized lignite was considerably
2k
higher than that of silica and hence the
had to be made in a shorter time duration
remainder af the procedure w|as similar tc
suspens i ons.
The rotational speeds 60, 30, 12
of the Brookfield viscometer Were checkec
be correct with a reproducibility of ±0.2
pparent viscosity measurements 
with the UL Adapter. The 
that used for silica in water
nd 6 revolutions per minute 




ty data for 
Figure l
1. EFFECT OF SHEAR RATE ON |AP 
The apparent viscosity 
gated shows a dependence on 
shows all the apparent viscobi 
diameter) in water suspension 
viscosity of a 15% by volume 
the rotatioial speed of the 
different curves in the abovk 
values of pi for the suspens o 
cosity decreases with increasing shear ra
CHAPTEF
RESULTS
i1ica in water suspension as a function of
ner cylinde
apparent vi 
e at a given
ffe
2. EFFECT OF SOLIDS CONCENTRATION ON THE 
Figure 3 is a plot o 
solids concentration by volut^ 
data of Table 10 in Appendix 
pH levels of the suspension, 
concentration leads to an in 
polation to zero solids conce 
of water as expected.
degree ofNewtonian behavior, though the 
depends on the pH of the suspepsion.
in water suspensions invest!
the shear rate. Table 10 in Appendix F
silica (99% below 10 micron 
is a plot of the apparent
r of the UL Adapter. The 
mentioned olot are obtained for different 
n and they all show that the apparent vis- 
te. This clearly indicates ron- 
deviation from Newtonian behavior
The d i 
This plot s 




scosity as a function of the 
bhear rate and is based on the 
rent curves are for different 
lows that an increase in solids 
apparent viscosity. On extra- 








































3. EFFECT OF pH ON ELECTROPHORETIC MOBIL
Table 11 in Appendi> 
mobility at different pH leve 
The values of zeta potential 
phoretic mobility are also 1isted in the 
in the form of a plot in Figure *l. It is
A to 10 the electrophoretic 
increasing pH. The experime 
that the electrophoretic mobi
F gives the 
s for the ■
calculated from these values of electro-
mob i1i ty i ncr 
ital techniqi 
i ty is i nds
!TY
values of the electrophoretic 
ilica in water suspensions.
same table. This data is sho.vn 
evident that in the pH range 
eases monotonica1ly with 
ie was based on the assumption 
pendent of the solids concen­
tration. The data for electrophoretic m op i 1 ity measurements for each
i n Table II 
af the electr
solids concentration is give 
presents the average values 
This was done because the vajlubs differed 




in Appendix F. Table 11 
ophoretic mobilities only, 
at different solids concentra- 
shows sample calculations of 
al.
F.IGURE A EFFECT OF pH ON ELECTROPHORETIC MOBILITY
DISCUSSION
In the previous chapi:e 
silica In water suspensions ^nd 
clearly established. The data 
model and the power law mode 
two models can be analysed.
1. BINGHAM PLASTIC MODEL ANAL
Figures 5 to 11 are pi 
velocity of the inner cylinder 
ted from equation (3-A) usinc 
the UL Adapter and the angular 
calculation of torque and angu 
Table lA in Appendix H contain 
angu1 a r velocity.
For a B i ngham p 1 as t i 
be a straight line with a si 
intercept on the torque axis 
(3-5). In Figures 5 to 11, 
two highest angular velocity 
stress and the plastic viscos 
straight lines. It is observ 
points do not always fall on 
at lowest solids concentrati
CHAPTER V I
AND ANALYSIS OF RESULTS
r the non-N 
the 1i gn i 
can now be 
and the dep^
YSIS
ewtonian behavior of the 
:e in water suspensions was 
applied to the Bingham plastic 
ndence of the constants of the
ots of torque as a function of angular 
of the UL Adapter. The torque is calcula­
t e  apparent viscosity, the dimensions o' 
velocity of the inner cylinder. A sample 
ar velocity is given in Appendix G. 







ra i gh t 1i nes 
data points a 
ty have been 
that the 





angular velocity plots should 
t|he plastic viscosity and the 
torque, as shown by equation 
have been drawn through the 
nd the values of the yield 
computed on the basis of these 
l|ower angular velocity data 
line. The deviation is minimum 


































































solids concentration and dec'ebsing pH.
pensions approach Newtonian 
yield torque approaches zero 
Table 15 in Appendix 
viscosity and yield stress 
are shown in Appendix G. Fî ju 
and plastic viscosity as fun ct
electrophoretic mobility. Tiese plots sh
yield stress increase monotoni
and decrease monotonica1ly with increasir
mobility. Extrapolation of th 
shows that the plastic viscosi 
viscosity of water. The plast 
electrophoretic mobility plots show that 
viscosity is smaller at a high) pH than ai 
the slope of these curves is




e plastic v 
ty approach
than for a :ow solids concentration.
The yield stress-so 
zero solids concentration, 
but tends to level off as th 
the yield stress values are 
these suspensions approach l  
yield stress-pH and the yie
that the yield stress is larygd at low pH
but drops very rapidly to sma 
mobi1i ty increase.
greater for
it is evident that these sus-
ie calculated values of plastic 
Sample calculations for these quantities 
res 12 to 17 are plots of yield stress 
ids concentration, pH and 
ow that plastic viscosity and 
increasing solids concentration 
g pH and electrophoretic 
iscosity curve to zero solids 
es a value close to that of the 
ic viscosity-pH and the plastic viscosity- 
the rate of change of plastic
a low pH. Also, the change in
• 0
a high solids concentration
icjs concentration plots should go to zero at 
so, for low pH values the curve is steep . 
pH increases. At pH values of 9 and 10, 
extremely lowj which again indicates that 
evytonian behevior at high values of pH. The 
stress-electrophoretic mobility plots show 
and electrophoretic mobility











































































































2. POWER LAW MODEL ANALYSIS
Not all the data points on the tdrique-angular velocity plots 
fall on a straight line at all solids cor cent ration for all values of 
pH. The relation between tcrque and angular velocity for a power law
x B, suggests a straight line plot for 
cj>n logarithmic coordinates. Figures 18
b 5
fluid, as derived in Append! 
torque-angular velocity data 
to 2b are p ’ots of the torque-fangular ve 
suspensions using logarithm' 
straight lines, it can be sa 
experimental data closely.
straight lines on these logs 
computed va'ues of 'm' and 
Sample calculations for 'm' 
of the values from the lines
d^ta for the
coordinate system. The dotteil curves ob 
behavior for the silica in waper suspens 
law model fits experimental 
investigated more closely tHi 
Figures 25 to 30 are 
'm' and 'n' as a function o : 
mobility. From the 'n'-sol
ocity data for silica in water 
c I coordinates . Since the data falls on 
i<jl that the power law model fits the present 
is 'm' and 'n‘ for the power lawThe paramete
model can be calculated from the slopes and the intercepts of the
rjthmic plots. This has been done and the 
n 1 are presented in Table 16 in Appendix H. 
and 'n' are presented in Appendix G. Some 
drawn on the logarithmic plots have been
transferred to some of the 1:orque-angu 1 ar velocity plots in the regular
tends to unity as solids concentration goes to zero, which is as expected
since 'n' is unity for a Newtonian fluid 
decrease from unity as the soil ids concen 
noticeable at a low pH than ajt a high pH
ifiined show a pseudoplastic 
ons indicating that the power 
silica in water suspensions 
ah the Binghhm plastic model.
(slots of the power law model parameters 
solids concentration, pH and electrophoretic 
d^ concentration plot it is evident that 'n'
The values of 'n* tend to 
tration increases. This is more 
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'n'-electropnoretic mobility 
towards unity as the pH and =lectrophoret 





at pH values of 9 and 10, th 
different solids concentrati 
difference at a low pH of  ̂
silica in water suspensions 
pH and electrophoretic mobil 
Extrapolation of the 
to the viscosity of water at 
to be true in the present cc 
with solidj concentration is 
'm'-pH and the 'm'-electrophoretic mobil 
and indicate that 'm' decreases with inc 
mobility. The rate of change 
mobility increases with inc 
pH and electrophoretic mobi 
'm1 among solids concentrat 
that the plots for the powe 
appearance to the plots of 
model.
53
plots show tnat 'n1 increases monotonically
ic mobility increase. in fact 
between the 1n 1 values for 
ly small as compared to the
This fact egain indicates that these
nian behavior at high values of
m'-solids concentration plot should lead
i ease in soli 
ity there is 
ohs. At thi
3 1
concentration and this is found
se. Also, t*}e change in the value of 'm' 
higher at a low pH than at a high pH. The 
ty plots are similar in nature 
•ease in pH and electrophoretic 
of 'm' with pH and electrophoretic
Is concentration, though at high 
little difference in values of 
; stage it is interesting to note 
law model parameter 'm' are similar in 
astic viscosity for the Bingham plastic
3. EFFECT OF PARTICLE SIZE
Silica in water suspensions of t 
sizes were investigated to determine the 
the rheological properties and the elect 
that the electrophoretic mobi 
particle sizes investigated, 
change in average particle
hree different average particle 
effect of particle size on both 
rophoretic mobility. It was found 
1 i ty was ndti dependent on the three different 
This can te explained by the fact that the 
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about an appreciable change irt the net electrical charge on the particles,
is given in Table 13 in Appencix F. Figi
viscosity as a function of rjotational speed for different particle sizes
i s
at a given solids concentrat 
dependence of apparent visccs 
particle sizes. Figure 32 
of pH at a given rotational 
the three different particle 
apparent viscosity on pH for
h. pH-ELEC'ROPHORET I C MOBIL!
An explanation for nhe increase
with increasing pH is as fo 
At 'ow values of pH 
double layer about the part 
charge on the solid particli,
The data for the effedt of particle size on apparent viscosity
ion and a given pH. The curves show the
re 31 is a plot of apparent
ty on rota lional speed for the three
a plot of apparent viscosity as a function







mobility may tend to be a fun 
This would depend on the type
5. LIGNITE IN WATER SUSPENS 
The apparent viscos 
20% by volume lignite in wat
phoretic mobility. As the >H rises, the
the double layer about the )article deer
negative charge on the soli i particle, w
higher electrophoretic mobi 1 ity-
The above may not b true in all
tijiven solids concentration for 




ion concentration in the 
thus reducing the net negative
which in tprn gives rise to a low electro­
hydrogen ion concentration in
ction of th
cases and the electrophoretic 
e ionic strength and not the pH.
of ions present in the suspension 
ION
i tjy and the 
qr suspensic
electrophoretic mobility of a 

































are shown in Table 2. These 
thinning. Figure 33 is a p 
velocity and all the data 
that the lignite in water si 
Bingham plastic. The values 
for this suspension and the
i nts fall on 
spension can
data suggest that the suspension is shear 
lot[ of the torque as a function of the angular 
a straight line. This indicates 
be well characterized as a
63
of the plastic viscosity and the yield stress
values of the torques at various angular
velocities are given in Tab|e 2.
TABLE 2
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LAR VELOCITY PLOT 
TE-WATER SUSPENSION
This study of the rhi 
suspensions has led to the fo 
1. The apparent viscosity 
with increasing shear
can fc>2 classified as s|hear-thinnimi fluids.
CHAPTER \ I I
CONCLUSIC NS
eological properties of silica in water 
lowing conclusions: 
of silica in water suspensions decreases 
:e silica in water suspensionsrate and hen<
an increase
ts the exper
2. At a given shear rate, 
produces an increase in
3. The power law model fi 
although the Bingham plastic model 
suspe is i ons well.
A. The electrophoretic mobility of the silica particles in water
with increo:increases monotonical 
A to 10.
5. The plastic viscosity 
parameters, 'm' and 1 iji1 
solids concentration at 
mob i1i ty.
6. At constant solids cope 
stress and 'm' and 'n 
pH and electrophoreti£
7. At zero solids concentr 
yield stress, and 'm' a 
for water.
yield stress
, increase inonotonica11y with increasing
a constant
in solids concentration 
the apparent viscosity.
mental data closely, 
describes silica in water
sing pH for the pH range
and the power law model
pH and electrophoretic
sntration, elastic viscosity, yield 
decrease rronotonical ly with increasing 
mob i1i ty.
ation, the k/alues of plastic viscosity, 
nd 'n', approach values close to that
66
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8. The values of plastic vi 
law model parameters
suspensions tend toward Newtonian tuhavior at the higher values
of pH and electrophore 
9. At constant shear rate 
apparent viscosity de 
size. Particle size 
mobility over the rang 
The following statemen
: i c mob i 1 i ty.
pH and sol I|ds concentration, the 
creases with increase in average particle 
t the electrophoreticd ne
suspension investigated:
Shear-thinning is exhibited by tHe lignite in water suspension 
and the Bingham plastic modejl fits the experimental data closely,
n
scosity, yiiild stress and the power 
and 'n', i idicate that silica in water
s not affec 
i nves t i gated. 
t can be nu de about the lignite in water
CHAPTER VI
SUGGESTIONS FOR FUTURE
This study was esse 
of rheology of concentrated 
t i on.
An important extens' 
tigate pipe flow for the sam 
and compare results with the 
to a correlation between co 
flow data for use in the des 
concentrated suspensions.
11 would be of i nte 
strength of the suspending 
the viscosity of silica in 
present in the suspending rr 
phoretic mobility of the su 
as well. It might be worthvj/ 
Effect of particle 
The effect of temperature oi|i 
provide another interesting 
It would be of cons 
line of study over a wider 
water suspensions. Also, o 




se of the pr
at the same rates of shear 
sent study. This might lead 
rjcintric cylinder viscometer data and pipe 
ign of pipel nes and other equipment for
EXPERIMENTATION
minary in nature and the area 
ions needs further investiga-r s
on of the present study would be to inves-
be
i+est to inves : 
rued i urn on the 
viater suspens 
n$d i urn may hav£ 
^pension and 
h !le to i nve 
i ze should 
the suspens i 
aj/enue for i 
derable inte 




igate the effect of ionic 
electrophoretic mobility and 
ons. The nature of the ions 
a bearing on the electro- 
:he stability of the suspension 
itigate this.
investigated in greater detail 
ons of silica in water may 
ivest i gat i on.
'Bst to continue the present 
js concentration for silica in 
3f changing the electrophoretic 
on of whether they lead to
69
similar changes in apparent v l
Lignite-water suspensions need ft
gation over a wide range of 
effects of addition of salts 
to lignite in water suspensi 
Investigation leading to sta 
sions would be of great inte 
Another interesting 
lignite-petroleum suspensions 
viscometric behavior and pi e 
temperature should be studied
solids concer
scosity behavior should be investigated.
rther experimentation. Investi­
gation and pH is needed. The
ûc.h as sodium chloride and calcium chloride 
or|s would be of extreme practical value.
lining techniques for lignite-water suspen- 
r^st from the industrial standpoint.
ne of experimentation lies in the study of
This should include investigation of the
\





TANGENTIAL AtNIJLAR FLOW OF A BINGHAM PLASTIC
Consider a Bingham plastic betwe
cyl inders with the inner cy
cylinder is r̂  and the height of the inne r cy1i nder is h .
Assuming that the velocity components in the radial direction
no be zero anq that the angular component of 
the velocity is dependent orfi Radius alon^, the equation of motion for
by Bird et. a 1. (22).
and in the axial direction
steady state can be written
n 1 d , 
° “ T d 7 (r
On integration, equation (Aj-1) gives
C
r0
If the torque at the 
T " (r„0)re r > = r
inder being
:n two vertical concentric 
rotated at a constant angular





The combination of equation^
= T____
T r 0 “ 2tth r 2
On the assumption tla
as
t greater than at lre 3 0
The equation of state
t „ -  ~u r rO p
1
. 2irhr ̂ r
(A-2) and (A— 3) yields
(A- 1)
(A-2)
:!er is known to be T, then
1 (A-3)
(A-A)
t there is slastic flow throughout
greater tlan r greater than r^ (A-5)
dr
for a Bingiam plastic can be written
(ve/r) + 'o (A-6)
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where Tq is the yield stress 









On integration, equation (A
T____
An hr2
where Cj is the inte^ratio 
Using the boundar>
ve - 0
c . - -
Air




Using the boundary conditi





d (v /r) + v
d'r 6










oondi t i on
r = r.





A nh r j 2
/r (A-8)
In r + C , (A-9)
(A-10)
3n (A-10) in equation (A—3) ,
MP ( V r > +  l‘ o ' n r  ' T o , n  r :
r = r.










Equation (A-12) can 
stress from torque-ari 
For a Newtonian fl 
. T10 =
4irhy















+ _0  In t j / r 2 (A- 12)
aluate the plastic viscosity and 
data.








Consider a power law 
cylinders, with the inner 
velocity u. The radius of 
is h. The radius of the out 
Assuming that the 
directions to be zero and th 
dependent on the radius alone 











0 = —  ~ ( r  
2 dr
On integration, equation (B
C ‘
T r0 * 2rz
If the torque at the
T ' (Tre>r •




The equation of state
t  „  —  - m [  rre
where 'n' is a dimensionless 
and 'm' is a material cha




LAR FLOW OF A POWER LAW FLUID
n two vertical concentric 
rotated at an angular 
nder is r̂  and its height
S r2-
ents in the radial and axial 
ponent of the velocity to be 






:er is known to be T, then
d r < V r)in







for a power law fluid can be written as
(B-5)
material characteristic parameter, 
(fatt    i arameter and has
On combination, equations (b- 
T
76
b) and (B-5) give
2Tthr2
= -m
On integration, equation (B^6) yields
1/nve/r - +
where Cj1 can be evaluated
v0 = 0 at
by
C 1 = U 1 (T/2





Using the ether boundary cond
v0/r = a) a
equation (B~9) yields
a) =  (T/2TThm)
Equation (B-10) can 
and 'n' from torque-angular 




where y is the Newtonian vis o
using the
r = r.
1 /n n̂ 
* 2





1/n n / 
2 • 0




-2 - 2, 
' r  2 ]
cos i ty (absolute).
(B-6)




(r-2/n _ ■ K2/n} (B—9)
-2/n r "2/n) 2 ' (B-10)






CHEMICAL ANALYSIS (TYPI:AL) OF SILICA
I tem I MS I . 
A-25
I MS I L 
A - 15
S i1'ca (S i 0^)
I ron Oxide (Fe^^) 
Titanium Oxide (TiO, 
Aluminium Oxide (A1, U
Colei urn Oxi de (CaO) 




















0 .0 0 8%
0 .30%
Specified in manufacturer's brochure





















m TV co -H o 00 Y P1 CAL) OF SILICA9
1 tem 1 MS 1 1 MS 1L IMS 1L
A-25 A-15 A- 10
Specific Gravity 
Weight per Solid Gallon 
pH va1je
Moisture limit at 105°C 
Molecular Weight 
Melting Point 





























ANALYSIS OF VELVA LIGNITE'
As rece i ved Moisture free
Moisture 










Tota 1 100.0 100.0






Hydroge n 6 •6
Carbon 4;1.0
N i t rogen C .8
Oxygen 42 .7
Sulfur C>.3
Ash c . 6
Total 1oc, 0













mation Temperature 2425°F 
perature 2470°F 
tjire 2515°F









ASH ANALYSIS OF VELVA LIGNITE
I tem % of Ash
Loss on ignition at 800°C 
Silica (SiO^)
Alumina (Al^O^)
Iron Oxide (Fe^O 
Titania (TiO^)
Phosphorous pent<}>
Calcium Oxide (C 
Magnesium Oxide 
































Model LVT-E i gp 
p.3 RPM
Brookf i e 1 i
2. Laboratc r /
Notes UL Adap 
with ex 
non-Newt
er used for 
:rpme precisi 
op j an






gineering Laboratories, Inc., 
reet, Stoughton, Mass., U.S.A.
ichro-Lectric Viscometer 
t Speed 60,30,12,6,3,1.5.0.6,
f 1 ow b
LD VISCOMETER USED'
UL Adapter for use with LV models 
Stand, Model A.
nteasurement of low viscosities 
an and accuracy. Investigat on of 
ahavior is possible.
RPM Range Multiply re 
this factor t
ading on 100 scale by 

























As supplied in manufacturer 
k Deduct 0.4 from reading befo 
Deduct 0.1 from reading
s brochure
rd multiplying to correct for windage
289732
8 A
Name of instrument 
Manufacturer
TABLE 8
STANDARD ZETA-METER SPEC IFI CAT IONS
Zeta-Mete r
Zeta-Meter, Inc., 1720 First Avenue, 
New York, N. Y. 10028, U.S.A.



















Cab i net-s 
with carry
input - 110 
£oht inuously 
o 30 w. 
and Ammeter' 




AC and DC 
y - reversib 
2̂1 s - binding
to
both
Cell I 11umi nator
a. Adjustable










adj us ted 
Eye Pieced 
eyesh iel d:s 
Pa i red 0bj 
Magn i f i ca 
Visible 
depend i ng 
col 1oi d . 
Meehan i ca 
phores i s
pa
As supplied in Zeta-Meter Manual (28)
ze 18-1/4" x 
ing handle.
type - jack 
No. 1493- 





ejetives - 4X 
:ion - 60X,90f< 
rt i cle size 
uaon shape a
Stage - des 
cell, integra
120 V, 60 cycle, AC, 100 watts, 
/ariable, 0 to 300 V DC, 0 t a
accuracy, 1% full scale, 
pointer, mirror backed.
-o-amps in* four stages, 
witch operated, 0 to 999-9
ci rcuits.
e by quick-acting lever switch, 
posts and cables with insulated
8-1/4" x 9-1/2" high - equipped
■kni fe pos i tioner.
diameter beam, 
and one heat-retarding . 
variable, 0 to 10 V, 4 Amp. max
rade, inclined binocular body, factory 
the ZETA-METER cel 1.
15X wide field, matched and coated, and
,6X,8X on revolving nosepiece.
, 120X.
■ 0.2 to 1 micron and larger, 
id reflective properties of the
igned for the ZETA-METER electro 
ily attached.
TABLE 8--fcontinued






Ocular Micrometer - designed for ZETA-METER electro­
phoresis cell (Tracking lengths for the standard scale 
are 120, 160 & 2^0 microns). Quarter scale micrometers 
have (scale lengths of 30, ^0 and 60 microns.
Portable carrying case.
njd Component!:
rcular Tube |ype - can be emptied, cleaned and 
ed in 1'.
ive length oij cell - 10.00 cm., precision 
and poli shec 












exi s t i n 
Spec i f i 
at no dill lit ion. 
Time required to 
mi nutes.
Accuracy 
mi 11i vol 
the part
led plate-glass with electroplated 
thick.
ion - reflected beam of intense 
hected upward at an angle of
1der - polisr 
backing - 3/lf 
of I 1luminat 
i te light prd 
50°.
ides - iridiunl hardened platinum: one strip-type 
closed-tube type, for use with systems.with a 
'conductance not exceeding 1000 micromhos/cm. 
al Molybdenu[,i anode is included for higher SC
(heretic Mobi\ ity range - zero to the highest
Conductance (range - 0 to 100,000 micromhos/cm.
determine EM, ZP and SC - about 5
of ZP determj 
s, depending 
cle charge c
nation - approx. * 1 or 2 
upon the ZP of the colloid, 





SAMPLE DATA FOR A F’ARTICULAR RUN
Suspension of A-10 Silica i n v.'ater
pH = 4.0
Volume fraction of solids 0. 15























































Mean Apparent Viscosity 
Centipoises ■
• 5.61
7 . 8 6
14.00
23.20
TABLE S)--Conl i nued


























Average Time of Travel for 
= 33.2 Sec<b
Hence, Average Jime of Trav
33.2
20
20 Particles = 33210
nds










































































TABLE 1 0 ~ C c n t nued










RPM Apparent Viscosity 
































































































































Volume Fraction of Solids = 0
i nued
25
pH RPM Apparent Viscosity 





























































TABLE 10--C01 t i
Volume Fraction of Solids = 0 30
nued
pH Rf>M Apparent Viscosity 


























































COMPLETE EL ICTROPHORET i C
Electrophoretic Mobility Data 
$ = Volume Fraction o
97
for D i fferenjt 
Solids
MOBILITY DATA
Solids Concentrations and pH
rophoret i c Mjbi1i typH Elect
Mi cri>nfe cm Volt


























































Silica Grade Apparent Viscosity 
Cent i poi ses
RPM|=60 RPM=30 RPM= 12 RPM=6
A-10 {33% telow 10 Micron di a if 
A-15 (96% below 10 Micron dia 

















A-10 (99% below 10 Micron diameter) 
A-15 (96% below 10 Micron diameter) 
A-25 {11% below 10 Micron diameter)
>*» 2.76 2.90 3.30
»3 2.52 2.62 2.97
2 2.16 2.2b 2.53
pH = 10.0
A-10 (99% below 10 Micron diarti 
A-15 (96% below 10 Micron d i anji 
A-25 {11% below 10 Mi cron d i arfie
ter) 2 .: 8 2.36 2.50 2.78
ter) 2. 0 2.16 2.23 2.50





Average time of travel for one p 
Applied Voltage = 100 Volts 
Magnification = 8x
Fron Table 8





article = 1.66 seconds
neter division 
res is cell =
1 i ty = 120/ 1100/1D
= 7.2 2
a = 120 microns 
10 cm
. 66
_ i _ ]
ni crons cm Volt sec
Zeta Potential
In millivolts, the re 
Electrophoretic Mobility is as
ZP = 113,000 ^  . EM
where Vt = viscosity of suspending medium at temperature t
and Dt = dielectric const; 
For the present case




:ween Zeta Potential and
nt of suspending medium at temperature t
V t =  viscosity of wfet 
Dt = dielectric conk
Hence,
Zeta Potential =
The negative sign ind 
negatively charged.
Plastic Viscosity and Yield S
From Appendix A, equa
(r -24irhy '' 1 
P
which can be written as
0) = i____ /"Why ' ‘ 1 
P
-2
So, by using two values
If T 1 is the torque per
er at 20°C 
ant of water
101
13,000 x 0.01 • x 7*23 
ts









at 20°C = 80.0
V  - V
yP = T10), 0) j ) Att
and =
(T T " 2}
1 r  2
1 1
0 In r^ 
rl
p
Fi rst T 1 and to are to
from Chapter 3 as follows:
Airy ho)
T = ( "2 -2, 
(rl ' r2 *
of to and T 














/ ~2 “2N<r, - r2 )
where y is the appan:d
Angular velocity can be calcu 
2v RPM
0) - 60 rad i an:;
So, for RPM = 60 
RPM = 30 
RPM = 12 
RPM = 6
Now, T 1 can be calculated since r
1.23 cm 
1. *l0 cm
( “2 ~2\ 
(rl - r2 >
So, for RPM = 60
T'
Similarly, 
for RPM = 30
for RPM = 12
for RPM = 6
This data for torque-anc
102
t viscosity
ated from th^ following equation: 
-1sec
co = 6.3 rail 
















6.3 rad i a 
*1 x tt x 0.0561 x 6.3
0.1:













T ‘ = 23.9 gm cm
T 1 = 17-1 gm cm
T 1 = 1*1. 1 gm cm
ty has been plotted in
Fi gure 5 on page 31•
Now, for calculation of
7 2 1 = 33-2 gm cm at
7 j1 = 20.0 gm cm at 
So,
-  ( 33-2  -  2 0 .0 )
CO
p ( 6 - 2 )  x b x it
Now, for calculation cf








= 0.71 cjynes cm
Parameters 'm' and 'n‘ for the power law me
Again, the T 1 versus 




x 0.1298 poise = 3-38 centipoises
w0
oj = **.0 r; d|ans sec 
1 .b 11 n
1.25
0.0338 |- 26.6 4 0.1298
"^Tf X  C
0)





which can be written a
< f - ) ' /n • f  • <
ata, ealeu 
Figure 18 on











Taking log on both sides
where
C = - —  log 2nm + 1n
104
og — + log
So, a plot of log w v$r 
intercept C on the log uj axis
Nov;, making use of Fiijju
1 n
sus log T ‘ 
rom wh i ch 1
re 18 on pa 
' = 0.370
Now, picking the poin^ on the stra
1
(r,'27" - r2'2/")
should have a slope of 1/n and 




ght line at u = 4.8 rads./sec. 
log 32 + C
-3.3738
Hen se 
-3-3738 1 log 2um
+ log [ (1.25)
0.37 
2/0.37









Fract ion of Soli ds
106
TABLE 1A
-ANGULAR VElOC ITY DATA
PH Angular Veloc ! t*/ Torque




oII-e- 0 <t>=0. 15
h.O 6.:3 16./} 20. h 34.1
3. 10.6 12.8 23-9
1.3 6.3? 7-9/ 17-1
«
0.63 h. 20 5-7£ ] k . 1
5.0 6. 13.^ 15.6 18.1
3. 8.6;’ 9-0/ 9-86
1. /}.?,<! A . 8 / 5.82
0.1>3 2.  hi 3.16 A . 17
6.0 6. 8.52 10.8 15-0
3. h .h i 5. A8 7.. 73
i.: 2.01 2.23 3.35
0.6>3 1.06 1 .16 1.76
7.0 6.3 | 8 Ac 10.6 13./*
3.1 4.38 5. A2 7.06
1.3 1.80 2.25 3.19
0.6 3 1 .41 2.02 2.63
<J> = Volume Fraction of Solids
107





































ABLE 14— Cotit i nued
PH Angular Veloc ■ Jy Torque
rad i an s sec" 1 gm cm
4>=0.20 $=0.25 $=0.30
4.0 6 .3 5 3 . 1
3 1 44. J
1 3 33-* 58.5
. 0 .63 2 8. * 51.8
5-0 6 .3 33.:
3 1 20.7 37.3
1• 3 14.0 24.2 60.7
0 .63 7-!)7 17.9 56.4
6.0 6 • 3 18.3 33.5
3 . 1 9.3 2 17.2 30.4
1.3 4.20 7.06 21.8
0 .63 2.1 9 3.77 14.8
7.0 6 .3 16.1 24.6 48.2
1 .1 8.4 0 13.1 29 .6
1.3 3.5 3 5.50 15.0
.










































































VISCOSITY AND YIELD STRESS DATA
Volume Fraction 
Solids
of pH P last, 
ce
c Vi scos i ty 
it i poi ses
Yield Stress 
dynes cm“2
0.05 4 ,0 1 .92 0.27
5 .0 1.87 0.12
6 .0 1.3* 0.02
7.0 1.36 0.01
8 .0 1.34 0.01
9 .0 1.34 0.01
10 .0 1.36 0.00
0.10 • it.0 2.53 0 .28
5 .0 2.14 0.15
6 .0 1.69 0.03
7 .0 1.69 0.02
8 .0 1.64 0.01
9 .0 1.63 0.01
10 .0 1.45 0.00
0.15 it.0 3.38 0.70
5 .0 2.53 0.20
6 .0 2.35 0.04
7.0 2.08 0.04
8 .0 1.78 0.03
9 .0 1.82 0.01
10 .0 1.61 0.01
0.20 it.0 5.29 1.56
5 .0 4.00 0.50
6 .0 2.92 0.04
7 .0 2.56 0.03
8 .0 2.53 0.02
9 .0 2.40 0.03
10 .0 2.17 0.03
0.25 6 .0 5. 19 0.07
7.0 3.87 0.06
8 .0 3-56 0.06
9 .0 3.49 0.04
10 .0 3.33 0.03
0 .30 7 .0 6.79 0.40
8 .0 6.46 0.09
9 .0 5.58 0.06




































0 . 0 1 6
0.016
0.015


























































crowding factor in 
constant in Nernst
LIST OF SYiUOLS
factor in Ford equation, dimensionless.
factor in Ford equation, dimens‘onless.
factor in Ott^wi11 
factor in Ott^wi11 








factor in Conway Dobry-Duciaux equation, dimensionless, 
factor in Conway Dobry-Duclaux equation, dimensionless, 
factor in Conway Dobry-Duclaux equation, dimensionless. 
Faraday charge, Faradays, 






first electrok'iscoilis effect fac
:or, dimensionless.
nder in Brookfield UL Adapter, cm.
:or, dimensionless.
second electroviscous effect factor, dimensionless.
third electroviscous effect facior, dimensionless.
Einstein shape factor, dimensionless, 
collision time constant, dimensionless.
power law model material charac :eristic parameter, gm cm  ̂ sec n 





























r cylinder in Bro 
inder in Bro 
inder in Bro
angular velocity, radians sec
lit, d imens i on 1 ess . 
ctkfield UL Adapter, cm. 
okfield UL Adapter, cm. 
okfield UL. Adapter, am cm.
of fluid, po ses or centipoises.
of Newtonian




ijd, dynes cm 
solids, dimeision less.
solids, when
fluid, poises or centipoises.
-1
relative viscosity is infinite,
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